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Hedgehog signaling pathway is essential for pancreas
specification in the zebrafish embryo
Sudipto Roy*, Tong Qiao†, Christian Wolff* and Philip W. Ingham*†
Recent studies have implicated the signaling factor expression in the presumptive dorsal and ventral pancre-
atic buds appears to be critical for committing these re-Sonic hedgehog (Shh) as a negative regulator of
pancreatic development, but as a positive regulator gions to a pancreatic fate; in the dorsal primordium at
least, this repression seems to be mediated by notochord-of pancreas function in amniotes [1–4]. Here, using
genetic analysis, we show that specification of the derived signals such as activins and fibroblast growth fac-
tors (FGFs) [6–8]. Moreover, alterations in the levels ofpancreas in the teleost embryo requires the activity
of Hh proteins. Zebrafish embryos compromised in Hh signaling in these organisms are associated with devel-
opmental changes in the pancreas that are consistent withHh signaling exhibit disruption in the expression
of the pancreas-specifying homeobox gene pdx-1 the idea that Hh negatively regulates pancreas specifica-
tion [9–11].and concomitantly show almost complete absence
of the endocrine pancreas. Reciprocally, ubiquitous
activation of the Hh pathway in wild-type embryos The homeobox gene Pdx-1 plays a central role in pancreas
causes ectopic induction of endodermal pdx-1 development in amniotes [12–15]. Its spatially restricted
expression and the differentiation of expression in the developing gut is one of the earliest
supernumerary endocrine cells. Our results suggest markers of the presumptive pancreatic primordia and is
that Hh proteins influence pancreas specification critically dependent on the exclusion of Shh expression
via inductive interactions from the axial midline from these endodermal cells [6, 14, 16, 17]. In wild-type
rather than through their localized expression in zebrafish embryos, pdx-1 expression is observed as early
the endodermal cells themselves. as the 10 to 12 somite stage in a localized bilateral patch
of anterior-gut endodermal cells overlying the yolk mass
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alluded to above. Whereas Shh is already expressed in the
definitive endoderm of the mouse and chick embryo at
the 11 to 13 somite stage [22–24], expression in the endo-
derm of the fish embryo is first detectable considerablyResults and discussion
later, at around 24 hpf (Figure 2a,d,e). This is long afterThe pancreas is a composite organ that consists of distinct
cells have adopted a pancreatic fate, as evidenced by thecell types with endocrine and exocrine functions [5]. Its
expression of pdx-1 and Insulin (Ins) (Figure 1a,b andimportance in physiological homeostasis is emphasized by
following sections; see also [18–20]). Moreover, expres-clinical conditions such as diabetes and pancreatic cancers
sion of the paralogous tiggy winkle hedgehog (twhh) genethat result in debilitating diseases that afflict a large per-
initiates still later, at around 36 hpf (Figure 2b,f).centage of our population. Classical embryological studies,
as well as recent investigations, have shown that pancreas
specification from the primitive gut endoderm is influ- Given the clear disparities in hh gene expression and pan-
creas specification between amniotes and teleosts, itenced by inductive interactions with neighboring tissues
[2]. Analyses in mouse and chick embryos have identified seemed to us unlikely that the localized suppression of
endodermal hh expression could play the same critical rolesome of the key signaling pathways involved in these
processes in amniotes [2]. In particular, repression of Shh in the early induction of the pancreas in the fish as it does
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Figure 1
Hh signaling induces pancreas development
in the zebrafish embryo. (a–l) pdx-1
expression at the 12 somite stage and at 24
hpf, and Isl expression in (a–c) wild-type
embryos at 24 hpf, (d–f) wild-type embryos
overexpressing dnPKA, (g–i) smu embryos,
and (j–l) syu embryos, respectively. Insets in
various panels show ventral views of the
domain of pdx-1 expression in dissected
preparations, while others show the pattern of
Isl staining in the endocrine pancreas. Wild-
type embryos have around 50–60 Isl-positive
nuclei at 24 hpf (n  5). By contrast, embryos
with ectopic Hh signaling show more than 120
Isl-positive nuclei (n  5). The pattern of pdx-1
or Isl expression in each panel is indicated
by the long arrows. In addition, the short arrow
in panel (b) indicates the ventral aspect of
low-level pdx-1 expression in the developing
duodenum of a wild-type embryo, while those
in the inset of (h) show the residual expression
in a bilateral patch flanking the notochord of
a smu embryo. Wherever visible in the insets,
the notochord is indicated (NC). Embryos
shown in all panels are oriented with anterior
to the left, dorsal to the top.
in the embryos of higher vertebrates. To investigate this in subsets of the islet cells, namely, the homeobox gene
nkx2.2 that labels the , , and PP cells [18, 25], as wellissue, we analyzed the effect of precociously activating
the Hh pathway in the endoderm by injecting newly as the hormone Insulin (Ins), which is specifically synthe-
sized and secreted by the  cells [5, 18–20] (Figure 3a,b).fertilized eggs with mRNA encoding Shh or a dominant-
negative (dn) version of protein kinase A (PKA), an intra- Coincidently with the increase in Isl-positive cells, we
observed a proportional increase in cells expressing nkx2.2cellular inhibitor of Hh signal transduction. In both in-
stances, the ensuing ectopic activation of the Hh pathway and Ins (Figure 3c,d). Thus, in complete contrast to the
situation in amniotes, pancreatic development is not in-resulted in a consistent enlargement of the field of pdx-
1-expressing cells at the 10 to 12 somite stage (Figure 1d; hibited by Hedgehog activity; on the contrary, exposure
of endoderm cells with the appropriate competence todata not shown). At 24 hpf, the distinct pattern of high-
and low-level pdx-1 expression is no longer apparent in Hh signaling appears sufficient to induce them to activate
the pancreas differentiation program.embryos overexpressing dnPKA; instead, all cells in this
region of the gut exhibited uniformly high levels of ex-
pression (Figure 1e). This change in pdx-1 expression In the light of this unexpected finding, we next asked
whether Hh signaling might indeed be necessary for pan-suggests that ectopicHh signaling can transform the entire
duodenal and pancreatic endodermal anlage into pan- creatic development in the fish. To address this question,
we first analyzed the expression of pdx-1 and Isl in em-creas. To investigate this possibility further, we next ana-
lyzed the development of the endocrine cells that begin bryos homozygous for the slow-muscle-omitted (smu) muta-
tion, which appears to abolish all Hh signaling [26–28]to differentiate in the zebrafish embryo from the 12 somite
stage [18–20]. In wild-type embryos, the LIM domain and inactivates the zebrafish smoothened (smo) gene [27,
28]. In embryos homozygous for smu, we observe a consis-protein Islet (Isl), which marks all the endocrine cell types
(islets of Langerhans), can be seen to accumulate in the tent reduction in pdx-1 mRNA levels around the time
expression begins at the 10 to 12 somite stage (Figurenuclei of a condensed group of cells within the pancreatic
primordium (region of high levels of pdx-1 expression) at 1g). At the 28 somite stage, pdx-1 mRNA levels in smu
mutants remain very low; in further contrast to wild-typethe 28 somite stage (Figure 1c; see also [18] for pattern
of isl-1 gene transcription). Ectopic Hh activity results in embryos, the bilateral patches of expression do not resolve
into the single domain within the developing gut (Figurea substantial increase in the number of such Isl-expressing
endocrine cells (Figure 1f). We also investigated the ef- 1h). Most strikingly, smu homozygotes never show the
high-level pdx-1 expression that characterizes the defini-fects of ectopicHh signaling onmarkers that are expressed
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Figure 2 Figure 3
Patterns of nkx2.2 and Ins expression in embryos with altered levels
of Hh signaling. (a,c,e,g) Expression pattern of the homeobox gene
nkx2.2 in the endocrine cells of the zebrafish pancreas at 24 hpf in
(a) a wild-type embryo, (c) a wild-type embryo overexpressing Shh,
(e) a smu mutant embryo, and (g) a shh mutant embryo, respectively
(the status of expression in each case is indicated by the arrow). The
insets in (a) and (c) show dissected ventral views highlighting the
domain of expression. Embryos depicted in all panels are orientedTemporal and spatial deployment of hh gene expression in the
with anterior to the left, dorsal to the top. (b,d,f,h) Dissected ventraldeveloping endoderm of the zebrafish embryo. (a–c) Expression
views of 24 hpf embryos showing the pattern of Ins expressionpatterns of (a) shh, (b) twhh, and (c) ehh, respectively, at the 12
(arrows) in (b) a wild-type embryo, (d) a wild-type embryosomite stage. Note that the expression of all three genes is restricted
overexpressing Shh, (f) a smu mutant embryo, and (h) a shh mutantto midline tissues (notochord and/or ventral neural tube) at this stage,
embryo, respectively.and there is no expression in the endoderm (indicated by arrows).
The insets in these panels show ventral views of dissected preparations
highlighting the absence of hh expression in the endoderm. All staining
is restricted exclusively to the axial midline. (d) Endodermal expression
1i and Figure 3e,f). An identical effect on pancreas devel-of shh is observable beginning around 24 hpf in a restricted domain
opment at these developmental stages was observed in(arrow). Inset depicts the ventral view of a dissected preparation
highlighting this domain of endodermal expression (small arrow). (e) wild-type embryos treated with cyclopamine, an alkaloid
At 36 hpf, this expression evolves into an expanded pattern in the that is thought to inhibit Hh signal transduction by di-
developing gut tube (arrow). (f) At the same developmental stage, rectly antagonizing the activity of Smo ([29]; data nottwhh expression can also be detected in a similar region of the gut
shown). We also observed a reduction, albeit less severe,(arrow). (g,h) At 24 and 36 hpf respectively, endodermal shh
expression is clearly excluded from the pancreatic primordium. shh of pdx-1 and Isl expression in embryos homozygous for
expression is depicted by the bluish-gray staining (long arrows), and you-too (yot) (data not shown), a mutation in zebrafish gli2
the pancreatic domain is highlighted by pdx-1 expression (orange [30], encoding a member of the Gli family of transcriptionstaining, small arrows). The insets show dissected ventral views of
factors that mediate Hh target gene transcription in re-these double-labeled embryos emphasizing the exclusion of shh
expression from the developing pancreatic region (small arrows). sponding cells.
Embryos depicted in all panels are oriented with anterior to the left,
dorsal to the top. As noted above, endodermal expression of zebrafish hh
family genes is not initiated until sometime after the
specification of the pancreas. Moreover, even when this
tive pancreatic primordium (Figure 1h). Consistent with pattern is established, it is always excluded from the de-
this loss of high-level pdx-1 expression, no Isl-, nkx2.2-, veloping pancreas in a manner that closely resembles the
or Ins-positive cells are detectable in the gut, indicating situation in amniotes (Figure 2g,h). The shh, twhh, and
that the differentiation of the endocrine lineage is com- echidna hh (ehh) genes are, however, all expressed in mid-
line tissues (notochord and ventral neural tube) overlyingpletely arrested in the absence of Hh signaling (Figure
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Figure 4 One possible explanation for the dramatic effects on pan-
creas development observed in the mutants is that Hh
signaling plays a more global role in patterning the endo-
derm, and the misspecification of the pancreas is just one
consequence ofwidespread impairment inmorphogenesis
of the gut. This hypothesis appears unlikely for several
reasons. First, the low-level expression of pdx-1 in a re-
stricted domain of the developing duodenum already pro-
vides an indication that some degree of gut regionalization
and differentiation does occur in the mutant embryos
(Figure 1g,h,j,k). Second, the spatial pattern of shh expres-
sion in the gut endoderm appears largely unaltered in smu
mutants, implying that gut tube formation proceeds even
under conditions of severe loss of Hh signaling (Figure
4a). Perhaps most persuasively, using the homeobox gene
prox1 expression as a marker [32, 33], we find that specifi-
cation of the liver, which in amniotes is believed to share
Loss of Hh signaling does not disrupt general morphogenesis of the a common endodermal origin with the pancreas [34], is
gut endoderm. (a) Expression of shh in the gut endoderm (arrow)
unaffected in shh mutant embryos (Figure 4b,c; see alsoof a smu mutant embryo at 36 hpf. Compare with the wild-type pattern
[35]). We note, however, that the levels of prox1 expres-in Figure 2e,h. (b–d) prox1 expression (arrows) at 48 hpf in the
liver of (b) a wild-type embryo, (c) a syu embryo and (d) a smu mutant sion in the presumptive liver are dramatically reduced in
embryo, respectively. Embryos depicted in all panels are oriented smu mutants (Figure 4d). This could indicate that, as in
with anterior to the left, dorsal to the top. mammals [36], Hh signals fulfill multiple inductive events
during organogenesis in the teleost gut and the postulated
hepato-pancreatic progenitor cells are specified to form
the endoderm at the stage when pancreas specification different organs in response to distinct thresholds of Hh
occurs (Figure 2a–c), suggesting that it may be Hh pro- signaling activity, a possibility that we are currently in-
teins emanating from the midline that play the key role vestigating.
in pancreas development. To investigate which of these
genes is critically required, we examined embryos homo- While our observations confirm that, as in higher verte-
zygous for a deletion of the zebrafish shh gene, sonic you brates, patterning the teleost pancreas requires inductive
(syut4) [31]. In such embryos, we observed a reduction in signaling from the axial midline, the surprising element
pdx-1 mRNA levels that strongly resembled the altered that emerges from our analysis is that this induction is
pattern exhibited by smu mutant embryos at a similar mediated by Shh, a situation diametrically opposite to that
stage of development (Figure 1j). Subsequently, although which pertains in amniote embryos. This paradox is clearly
pdx-1 expression resolves into the developing gut as in exemplified by the fact that mice carrying loss-of-function
wild-type embryos, the levels of this expression remain mutations in Hh genes not only develop a pancreas, but
very low (Figure 1k). Furthermore, like smu mutants, syu also exhibit an overspecification of endocrine cell types,
homozygotes never exhibit the high-level pdx-1 expres- in line with the proposed antagonistic role of Hh signaling
sion characteristic of the definitive pancreatic primor- in the embryonic development of this organ [10].
dium, and they also lack virtually all endocrine cells (Fig-
ures 1k,1l and 3g,3h). How the same family of signaling proteins has come to
Figure 5
Contrasting roles of Hh signaling in the
specification and function of the pancreas in
amniotes and zebrafish. (a) In amniote
embryos, notochord-derived Activins and
FGFs inhibit Shh expression in the gut
endoderm and this allows pancreas
induction. (b) Endocrine function in the mature
pancreas, at least in mammals, however, is
positively regulated by Hh signaling through
the stimulation of Pdx-1 expression. (c) In
the zebrafish embryo, Shh from the notochord
induces pancreas development through
mechanisms that appear to mimic the role of
Hh in regulating endocrine cell function in
mammals.
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